We studied the shoreward and seasonal distribution of E. coli and enterococci in sand (at the water table) at two southern Lake Michigan beaches-Dunbar and West Beach (in Indiana). Deep, backshore sand (,20 m inland) was regularly sampled for 15 months during 2002-2003. E. coli counts were not significantly different in samples taken at 5-m intervals from 0-40 m inland (P ¼ 0.25). Neither E. coli nor enterococci mean counts showed any correlation or differences between the two beaches studied. In laboratory experiments, E. coli readily grew in sand supplemented with lake plankton, suggesting that in situ E. coli growth may occur when temperature and natural organic sources are adequate. Of the 114 sand enterococci isolates tested, positive species identification was obtained for only 52 (46%), with E. faecium representing the most dominant species (92%). Genetic characterization by ribotyping revealed no distinct genotypic pattern (s) for E. coli, suggesting that the sand population was rather a mixture of numerous strains (genotypes). These findings indicate that E. coli and enterococci can occur and persist for extended periods in backshore sand at the groundwater table. Although this study was limited to two beaches of southern Lake Michigan, similar findings can be expected at other temperate freshwater beaches. The long-term persistence of these bacteria, perhaps independent of pollution events, complicates their use as indicator organisms. Further, backshore sand at the water table may act as a reservoir for these bacteria and potentially for human pathogens.
INTRODUCTION
Several studies have shown that fecal indicator bacteria, such as E. coli and enterococci, can routinely be recovered in beach sand (Twinning, et al. 1993; Ghinsberg, et al. 1994; Whitman, et al. 1994; Oshiro & Fujioka 1995) , with concentrations often exceeding those in the water column (Obiri-Danso & Jones 1999; Alm, et al. 2003; . The reasons for their occurrence in beach sand are not well-understood; however, there are two plausible hypotheses for this phenomenon-(1) direct fecal contamination or concentration by sand and (2) long-term persistence and perhaps growth under permissible conditions.
Recent data collected at a Chicago beach demonstrated that E. coli persists in foreshore subsurface sand, and the sand may become a source of beach water contamination . Evidence suggests that E. coli doi: 10.2166/wh.2006.018 may grow in the sand under certain conditions . Over the years, studies on indicator bacterial occurrence in beach sand have generally focused on areas adjacent to the shorelineforeshore (Ghinsberg et al. 1994; Whitman et al. 1994; Alm et al. 2003; . One potential difficulty with this approach is determining whether sandborne indicator bacteria are indigenous to the system or represent transient, residual populations from external sources, such as run-off, aquatic birds, or lake water.
Backshore beach areas are relatively less subject to these influences, and it is unknown whether indicator bacteria can occur and persist for an extended time in subsurface sand far from the shoreline and common contamination sources. Moreover, the occurrence, persistence, and possible growth of indicator bacteria in backshore areas may have serious implications on important issues, such as beach water quality and microbial source tracking. The overall purpose of this study was to describe the seasonal occurrence and distribution of E. coli and enterococci in subsurface backshore beach sand at the water table.
METHODS

Site description
In this report we refer to the backshore beach as the relatively flat area behind the berm and isolated from all but the highest lake surges (Thompson & Baedke 1997) ; sometimes, it is referred to as the upper or far beach. Two recreational beaches under the management of the United States National Park Service (Indiana Dunes National Lakeshore, Porter, Indiana) and located near the southern tip of Lake Michigan were selected: 1) Dunbar Beach, a residential area but lightly used lakefront, and 2) West Beach, a natural area heavily used as a recreational beach.
Whilst there has been an indication of salt intrusion from water softeners at a beach near Dunbar, neither West nor Dunbar Beach has any evidence of domestic waste (sewage) input (Twinning et al. 1993) . Beach closures due to high E. coli levels (. 235 colony-forming units (CFU)/100 ml) occur a few times a year at Dunbar but only rarely at West Beach (Whitman et al. 1999) . A schematic representation of the backshore beach area with sampling locations is illustrated in Figure 1 .
The backshore sands are derived primarily from up drift lakebed and bluff erosion (Cressey 1928) . Texturally, these sands are medium to coarse (in composition), clean and well sorted. These beach sands are interspersed with layers of gravel that overlie glacial till lakebed deposits. The water table is generally at a depth of 1.0 -1.5 m from the surface.
Wave surges only reach backshore sands during the more significant storms of the seasons and are most common in late-fall and winter, when most onshore erosion occurs.
Shelf ice often develops during the coldest months (January and February), helping to protect the shores during high waves. In our study, the sampling year 2002 was uncharacteristically warm, and prolonged shelf ice development did not occur.
Sampling strategy
Shoreward E. coli distribution in subsurface saturated sand At Dunbar Beach, sand samples were collected at the groundwater table at 5-m intervals from shoreline to 40 m inland (sampling depth ranged from 0.4 -1.85 m, with a mean of 1.03 m). Sand thickness at Dunbar Beach was about 2.0-2.4 m (Shabica & Pranschke 1994) . Initially, the surface and subsurface sand was excavated using a clean shovel.
Then, a posthole digger was used to collect the moist sand samples; adequate care was taken to prevent cross-contamination or mixing of the top sand with moist subsurface sand. 
Sample analysis
All sand and water samples were analyzed for E. coli using the standard membrane filtration (MF) method or Colilert-18 system (IDEXX, Inc., Westbrook, Maine, USA).
Enterococci were enumerated similarly using Enterolert (IDEXX, Inc.). Colilert-18 and Enterolert are based on defined substrate technology (Edberg et al. 1990; Fricker & Fricker 1996) , and these methods have been used extensively before to analyze soil/sediment samples for E. coli E. faecalis (ATCC 19433) .
Enterococci identification
Presumptive cultures of enterococci from Enterolert were isolated on mEnterococcus agar. Upon additional confirmatory tests for these bacteria (esculin hydrolysis, negative catalase reaction, positive growth in brain heart infusion broth at 458C and in 6.5% NaCl) the pure cultures were then stored at 2808C for later use. A total of 114 confirmed enterococci isolates (collected from Dunbar Beach) were speciated using the API 20 Strep system (bioMerieux, Inc., Hazelwood, Missouri, USA). colony-pick, bacterial growth from the plate was transferred to a microcentrifuge tube containing 100 ml of sampling buffer and the mixture was then briefly agitated to release the cells; 30 ml of the bacterial suspension was transferred to a sampling well on a carrier. After loading the carrier with eight bacterial samples, the carrier was then placed in a treatment station and heated to 808C for 10 minutes to kill off the cells. To each sampling well, 5 ml each of lysing agent A and lysing agent B was added. 
Seasonal E. coli and enterococci distribution
There was no significant difference in mean densities of E. coli and enterococci between the two beaches over the 12-month study (P ¼ 0.75 and P ¼ 0.88). Further, neither E. coli nor enterococci numbers were significantly correlated between the two beaches (P ¼ 0.53 and P ¼ 0.26). The overall log mean (S.E.) E. coli and enterococci counts were 1.1 (^0.09) and 1.1 (^0.15) MPN/100 g at Dunbar and 1.2 ( þ ¼ 0.14) and 1.1 (^0.08) MPN/100 g at West Beach (see also Figures 3(a) and (b) ). Since sand samples were collected in a habitat that is presumably unfavorable for fecal indicator bacteria and in a different substrate, comparison with the lake water is difficult. Figure 4A ). There was some overlap between seasons, but generally isolates were dissimilar (did not share the same ribotype). There were similar ribotypes identified in March 2002 and in March 2003 and also some overlap between years ( Figure 4B ). The similarity among ribotypes was more pronounced over the short-term, with several similar ribotypes emerging in January and February of 2002 ( Figure 4C ). Again, there were far more individual ribotypes among the isolates, indicating that heterogeneous ribotypes may be found over a short time (Jenkins et al. 2003) .
Enterococci species
Of the 114 enterococci isolates tested, a positive species ID was obtained for only 52 (46%), with E. faecium represent- At the end of the experiment (day 7), E. coli counts were approximately 1 log higher than initial counts. These results 
DISCUSSION
Throughout the study period, E. coli and enterococci counts in the subsurface sand at the water table remained relatively stable except for occasional elevated counts that were mostly attributed to patchiness of microbial distribution and relative abundance in natural habitats (Wollum & Cassel 1984; Nunan et al. 2001; Byappanahalli et al. 2003a) , or perhaps sporadic events of growth under certain conditions (Fujioka & Byappanahalli 2001; Byappanahalli et al. 2003b) . Two significant consequences of these findings are that (1) both E. coli and enterococci occur in beach sand at the water table, 20 m from the shoreline throughout the year, and (2) these bacteria are not transient but a component (albeit, less dense) of the population of beach microflora described by . Our observation is that E. coli and enterococci are ubiquitous throughout the wetted beach apart from the swash zone where sunlight and turbulence may limit their occurrence. The findings confirm the widespread seasonal distribution of these bacteria throughout the beach. (Muller et al. 2001) .
Genetic analysis of the sand-borne E. coli isolates by ribotyping did not indicate the selection of any specific ribotype (genotype) over time; instead, numerous ribotypes were found in the sand. Therefore, it is possible that the sources of fecal indicator bacteria (E. coli, enterococci) in the deep, subsurface sand environment are likely numerous and passively depositional-perhaps arising from a mixture of animal seeding (e.g., shore birds), and introduction from occasional storms. This, coupled with the quantitative decline in spring E. coli densities that were sustained through much of the summer, suggest that fall and winter E. coli populations are reintroduced to the subsurface sand through fecal infiltration with rain or snow melt and wave surges.
The public health significance of these findings remains unexplored; however, an immediate area of concern may be whether human pathogens (bacteria, viruses, protozoa) can similarly persist for extended periods in deep, subsurface sand. It is possible that the surface-bound pathogens from various sources (e.g., birds, run-off) may be transported to subsurface sand near the water table by natural processes.
Once deposited in this environment, they are protected from external stresses (desiccation, radiation, freezing). In this situation, the pathogens can survive for extended periods and may even grow (particularly bacteria) under suitable conditions. Additional studies are nonetheless needed to demonstrate if indicator bacteria are commonly found in backshore subsurface sand under different climatic (temperate, tropical/subtropical) and water (fresh, estuarine, marine) conditions.
Previously, studies have shown that contaminated groundwater is responsible for outbreaks of numerous water-borne diseases in the US (Macler & Merkle 2000) .
Based on our findings, we identify two important areas of immediate concern-(1) recreational beaches, where visitors can come into contact with potential pathogens in the sand (e.g., children digging deep below the sand), and (2) shallow well water used for showers or drinking water fountains at the beach. Further research should address these identified problems.
CONCLUSIONS
In conclusion, E. coli and enterococci can persist for extended periods in backshore sand at the groundwater table. Although this study was limited to two beaches of southern Lake Michigan, similar findings can be expected at other temperate freshwater beaches. The origin of these bacteria, whether indigenous or derived from outside sources, is speculative but we have presented evidence of a population that exists in equilibrium and is responsive to increased nutrients and permissible growth conditions and, presumably, seasons. Public health implications of this poorly studied habitat deserve scientific attention in a variety of climates and biomes.
